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Several investigators have developed empirical models of HbCO formation, with mixed results. The simplest of these are linear models relating HbCO formation to inhaled CO concentration (12, 24) . Unfortunately, these models are of limited applicability. Other investigators (14, 26) have developed more complex mathematical functions to relate HbCO formation to CO exposure, which have proven to be more widely applicable. Coburn and colleagues (8) formulated a physiological description quantifying CO binding to Hb caused by exposure to CO in humans, known as the Coburn-Forster-Kane (CFK) equation. Several models for predicting HbCO formation in small laboratory animals have been developed (23) , many as part of efforts to investigate the toxicity of combustion atmospheres. Sanders and colleagues (28, 29) used an empirical model of HbCO formation developed by Hartzell and colleagues (17) in studies of CO-induced incapacitation in rats. Although the Hartzell model, an adaptation of the Peterson-Stewart model (26) , consistently predicted equilibrium HbCO concentration (postmortem) within a few percent, it was not a useful predictor of incapacitation in the test animals. Their studies suggest that the rate of HbCO formation, as well as its eventual steady-state level, may be an important factor in CO-induced incapacitation. This view has become widely accepted (32) .
Exposure atmospheres containing CO generally have other constituents as well, with combustion atmospheres being a prime example. The most prevalent, and usually most concentrated, of these other constituents is CO 2 . Although CO 2 is often not considered to have high toxicological potency, it is a well-known stimulator of ventilation. Therefore, CO 2 can play a significant role in the response to atmospheres containing other inhalation toxins (16) . Unfortunately, empirical models of HbCO formation generally do not account for the effects of changes in ventilation that may result from simultaneously breathing CO and CO 2 . Wellconstructed physiological models such as the CFK can account for changes in ventilation and other physiological parameters affecting HbCO formation. Physiologically based models also have the advantage of being useful as tools for extrapolating dosimetric and toxicological findings from laboratory animal species to humans. For example, Andersen and colleagues (4) have modeled CO production and elimination from xenobiotic metabolism of methylene chloride as part of the toxicological assessment of this chemical.
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We have developed a model of HbCO formation, based on the CFK differential equation, capable of accounting for changes in ventilation as well as other pertinent physiological variables. The model accounts for inhalation of atmospheres the constituents of which vary as a function of time. Model performance has been evaluated by comparison of predictions of HbCO formation with published HbCO concentrations in rats. These data include HbCO levels resulting from exposure to CO ranging in concentration from 100 to 4,000 ppm. Model predictions were also compared with HbCO levels in rats exposed to 500 ppm CO in our laboratory. We find that the CFK equation is valid over this wide range of inhaled CO concentrations but that the effect of experimental manipulations must be taken into account in describing HbCO formation as a function of time in many experiments.
MATERIALS AND METHODS
Computational methods. We used a variant of the basic CFK equation, similar to that of Benignus and Annau (5), which accounts for blood volume (BV), to formulate the present model as follows
and V CO is endogenous production of CO (in ml/min), BV is in milliliters, PI CO is partial pressure of inhaled CO (in Torr), Pc O 2 is partial pressure of O 2 in capillary blood, HbO 2 is total Hb Ϫ HbCO (in mmol/ml), M is the Haldane coefficient, DL CO is diffusing capacity of CO in the lung (in ml · min Ϫ1 · mmHg Ϫ1 ), PB is barometric pressure, PH 2 O is water vapor pressure, and V A is alveolar ventilation (in ml/min).
Model differential equations and algebraic expressions describing HbCO formation from the inhalation of CO were formulated, and numerical solutions of these equations were performed by using Advanced Continuous Simulation Language (ACSL) software (Ageis Research, Huntsville, AL). Physiological constants used in the model either were values published in the open literature or were measured in individual animals. By using the ACSL features that ensure well-behaved numerical solutions of differential equations with discontinuous forcing functions, the model was constructed to accept changes in model parameters either as mathematical expressions or as tabulated data. For example, the model will accept changing inhaled CO concentrations such as would occur in many exposure atmospheres. In the model validation presented here, the available experimental data were from inhalation of constant CO concentrations. We used this capability to account for changes in physiological parameters such as reduction of BV due to blood sampling. In developing our general model, we selected values cited in the literature for various parameters and optimized these values by adjusting them, within the range of published normal values, until there was a best fit for published data sets. This process was repeated for all parameters, except when measured values were cited by the author [i.e., DL CO by Tyuma et al. (31)]. Then that value was held constant, while other parameters were optimized by the above method. In this manner, a best fit was developed for each individual published data set, creating a range of parameter values. Parameters measured during our experiments using individual animals were substituted into the general model to form a specific model, which was exercised to determine the extent to which experimental data could be reproduced.
Animals. Thirty-two male F-344 rats (312 Ϯ 15.6 g) were used in this study. Animals were obtained from a commercial source (Charles River Laboratories, Raleigh, NC) and were housed in plastic cages over adsorbent bedding material on a 12-h diurnal cycle. Food and water were provided ad libitum. Two animals were selected at random and killed. Both were found to be in normal health by a veterinary pathologist before the investigation.
Exposures. Twenty-four animals were exposed, in groups of three, to 499 Ϯ 2.0 ppm CO for 1 h with the use of a 12-port, nose-only exposure chamber (7) . Four animals were exposed to room air. A cannula was implanted in a femoral artery before exposure, and the animals were allowed to recover from surgical anesthesia to a lighter depth of anesthesia. Therefore, the animals were lightly anesthetized during exposure (urethan 1.5 g/kg). The animals were exposed while restrained in a combination head-out, volume-displacement plethysmograph/exposure tube (PET) to allow measurement of ventilation during exposure (19) . Exposure atmospheres were produced by mixing compressed air with 5% CO from a compressed gas cylinder (Matheson Gas, Twinsburg, OH). Mass flow controllers (model 840, Sierra Instruments, Monterey, CA) were used for precision control of the exposure mixture. The exposure-chamber CO concentration was monitored continuously with a wavelength-specific nondispersive infrared spectrometer (Infinicon model BINOS 00091, Leybold-Heraeus, Frankfurt, Germany). Four additional animals that were not exposed or had blood samples drawn were used to establish a baseline value for DL CO .
Pulmonary function measurements. Ventilatory parameters, frequency (f), tidal volume (VT), and minute ventilation (V E), were obtained by using volume-displacement plethysmography. Respiratory flow was measured as pressure change across a screen pneumotachograph in the PET wall by using a differential pressure transducer (model DP 45-14, Validyne Engineering, Northridge, CA). The transducer signals were preamplified, and VT was obtained by integrating the flow signal (model XA, Buxco Electronics, Sharon, CT). Ventilation was monitored continuously during the 1-h exposure and for 1 h postexposure. A minimum of 30 breaths/min was measured. After exposure, the animals were given an additional hour to off-gas CO. At this time, a tracheal cannula was inserted for determination of DL CO by using the plethysmographic (Diamond box, Buxco Electronics) and gas chromatographic (model 8A, Shimadzu, Tokyo, Japan) method of Kimmel and Diamond (21) .
Blood chemistry and blood-gas analysis. Cannulas placed in the femoral artery of the exposed animals to allow realtime sampling of blood were exteriorized through fittings in the wall of the PETs. Two 1-ml blood samples were withdrawn from each animal, with the exception of four animals selected at random from which only one blood sample was drawn. When two samples were taken, the first sample was taken during CO exposure and the second 1 h later at a corresponding time point during the 1-h postexposure off-gassing period (see Table 1 ). Blood Hb and gas analyses were performed immediately after the samples were collected (models 682 and 1620, Instrumentation Laboratories, Lexington, MA).
RESULTS
Model predictions and published data. The general model for simulating HbCO formation used values for pertinent physiological parameters obtained from published data (see Table 2 ). HbCO formation curves predicted with this model were compared with published HbCO formation data from several studies. General model parameters selected from the literature were optimized as previously described. Optimized parameter values were well within the range of these values reported for rats. As shown in Figs. 1-4 , model predictions using these optimized parameter values were fit to HbCO formation data reported for 20-to 240-min exposures to CO ranging in concentration from 100 to 4,000 ppm (2, 5, 30, 31) . In the case of the data taken from Andersen et al. (3) , the data points were derived from their model predictions. In data sets for which specific parameter values were determined, these values were substituted into the general model, as opposed to the optimized value. For example, where Silbaugh and Horvath (30) reported VT and f for their animals (2.5-3.0 ml and 140 breaths/min, respectively), these values were substituted into the general simulation model. Similarly, Tyuma and colleagues (31) reported a DL CO of 0.13 ml · min Ϫ1 · mmHg Ϫ1 , which was used for this simulation. In several instances, the general model parameters selected differed significantly from those employed by other investigators. For example, the Hb concentration used for the general model was 16.2 g/100 ml and was nearly two orders of magnitude lower than that reported by Benignus and Annau (5) . Given the success of their simulations, we suspect that these investigators did not use the reported value of 15.8 g/ml in their calculations. Similar to Andersen and colleagues (3), the present model used a conversion factor to express M in terms of solution concentration instead of partial pressures. All parameter values used in the general model either were means compiled from a variety of published sources or were derived from well-established allometric relationships (1-3, 5, 6, 9, 18, 21, 27, 30, 31) .
Model predictions and experimental data. The specific simulation model for HbCO formation used mean physiological parameters measured in our experimental animals. Some of these parameters were estimated from measured values by using well-known physiological relationships or regressions derived from published data (see Table 3 ). The time dependency for a calculated parameter was considered to be identical with that of the underlying variable. For example, time-dependent changes in M were considered to be the same as those for pH. Measured Nos. in parentheses, total time (in min). Total no. of animals ϭ 32. ppm, Parts/million; DL CO , CO diffusing capacity in the lung. * Extra animals used for single blood draw to determine the effect on DL CO . and after blood sampling; see DISCUSSION), f, and VT. Estimates of M (11) were derived from blood pH. Data from Allen and Root (1) were fit by a nonlinear, Lorentzian regression (r 2 ϭ 0.90) to develop an empirical expression relating blood pH to M (see Fig. 5 ). BV (in ml) was determined for each animal as a function of body weight by multiplying body weight (in g) by a factor of 0.0641 (2) . The V A was estimated by multiplying the calculated V E by 0.67 (6) . Pc O 2 was determined from measured values of Pa O 2 by the method of Dickenson (10) .
Individual simulations were performed by using parameters specific to that animal. Predicted vs. measured HbCO levels were plotted for both general (see Fig. 6 ) and specific model simulations (see Fig. 7 ). The slopes of the linear regressions between predicted and observed HbCO data were used as estimates of overall model performance. Over the range of HbCO concentrations examined, the general model-predicted %HbCO was 1.087 of the corresponding observed %HbCO. The specific model-predicted %HbCO was 0.993 of the corresponding observed %HbCO. The general model fit the observed data more poorly than did the specific model, with coefficients of determination of 0.883 and 0.998, respectively. As shown in Fig. 8 , the general model overpredicted HbCO formation and dissociation in our experimental animals. The slope of the regression for the general model fit suggests that, when the parameter values selected by the optimization process described above are used, this model overpredicts HbCO level by an average of ϳ9%. Benignus and Annau (5) noted that their predictions were consistently 7% low and attributed this, in part, to selection of parameter values, V A in particular. Similarly, Andersen and colleagues (3) noted that an adjustment factor of 1.2 was needed to bring predicted and measured HbCO levels into agreement, particularly during the dissociation phase. In addition, these latter investigators reported using parameter values that were twice that reported in the literature to achieve agreement between measured and predicted HbCO formation. The slope of the regression for the specific model fit (0.993) suggests that this model underpredicts HbCO by an average of 0.7%, indicating the degree to which using measured parameter values improves model performance.
During the course of exposure, several physiological changes were observed in the experimental animals that impacted model performance. Many of the observed physiological changes could be attributed to the effects of CO exposure. For example, exposure to CO was found to reduce blood pH in a dose-response manner. Blood pH in unexposed animals was 7.436 Ϯ 0.007, whereas, after 30 and 60 min of exposure, the blood pH dropped to 7.316 Ϯ 0.014 and 7.281 Ϯ 0.033, respectively. Blood pH 1 h after exposure cessation remained low at 7.221 Ϯ 0.046. As pH diminished, there were corresponding changes in M, with a normal M of 173 Ϯ 6.1 falling to 164 Ϯ 6.3, 154 Ϯ 12.1, and 143 Ϯ 3.8 at 30, 60, and 120 min, respectively. The Pa O 2 and, consequently, the Pc O 2 were elevated slightly by exposure. Normal Pa O 2 was 96 Ϯ 13.1 Torr and gradually increased to 107 Ϯ 10.1 Torr at the end of the experiment. The Pa CO 2 in naive animals was 41.9 Ϯ 0.78 Torr and increased to 49.2 Ϯ 1.71 and 55.8 Ϯ 2.3 Torr at 30 and 60 min, respectively, during exposure.
Many of the observed changes appeared to be related to experimental procedures. There was a reduction in DL CO from successive blood sampling. Drawing a single blood sample reduced DL CO from 0.15 Ϯ 0.017 to 0.10 Ϯ 0.021 ml · min Ϫ1 · mmHg Ϫ1 . A second sample collection further reduced DL CO to 0.07 Ϯ 0.026 ml · min Ϫ1 · mmHg Ϫ1 . Depression of ventilation was observed over the course of the exposure and elimination period. Average V E at the beginning of the exposure was 147.8 ml/min but dropped to 66.8 ml/min at the end of the exposure and remained depressed (severely in some animals) at average V E of 57.3 ml/min at 60 min postexposure. A similar depression of ventilation was shown in animals exposed to room air only.
DISCUSSION
Physiologically, HbCO formation is influenced by a number of cardiopulmonary factors, such as DL CO , V A, and Pc O 2 . We found it necessary to take into account changes in these underlying physiological variables to adequately model HbCO formation and dissociation from CO inhalation. The reduction of BV due to sampling apparently decreased DL CO . As noted by Coburn et al. (8) , nonuniformity of DL CO to V A will also influence mean alveolar CO tension and, therefore, HbCO formation rate. It is possible that the reduction of BV led to such a maldistribution of DL CO and V A. Reduced deliv- ery of O 2 to tissues caused by CO exposure and subsequent HbCO formation has been shown to cause an elevation in heart rate, which is accompanied by vasodilation, and reduction of systemic blood pressure (25) . Both effects accommodate the need for greater blood flow to vital organs but could lead to further maldistribution of DL CO and V A.
Studies have demonstrated that CO exposure leads to sufficient disruption of acid-base balance to cause a change in M (1) and elevation of Pc O 2 . Disruption of blood acid-base balance can lead to an elevation of ventilation (5, 30) . In the present investigation, we found a moderate exposure-related depression of ventilation, despite a reduction in blood pH, and a moderate elevation of arterial O 2 tension and, consequently, calculated Pc O 2 . Arterial CO 2 also increased over the course of the experiment. Given a diminished DL CO , the elevation of Pa O 2 observed could be attributed to a decreased metabolic rate. However, the observed increase in Pa CO 2 would suggest that metabolic rate did not decrease. Because the buildup of CO 2 in the blood is also consistent with reduced DL CO , the elevated blood O 2 tension was most likely a result of displacement of O 2 from Hb during the formation of HbCO.
The reduction in ventilation that was observed in our animals could be a result of CO inhalation, which has been shown to decrease ventilation in humans (13) . These changes in ventilation can also be attributed to experimental conditions not related to CO exposure. Mauderly (22) demonstrated a depression of both VT and f in rats housed in PETs. Silbaugh and Horvath (30) attributed, in part, the cardiovascular and cardiopulmonary changes they observed in their animals to the effects of restraint in PETs.
Coburn et al. (8) discussed the sensitivity of the HbCO rate equation to changes in physiological parameters (V A, DL CO , and Pc O 2 ). They noted that a steady state actually never exists in humans, and this is probably true in experimental animals. However, they point out that HbCO levels do not vary rapidly, suggesting that the processes governing body CO burden are highly dampened. They demonstrate that this is consistent with the mathematical properties of the CFK equation. Figure 8 also demonstrates this behavior. The general model, which does not contain any alteration of the physiological parameters, overshoots the experimental data during CO uptake and undershoots the observed HbCO levels during dissociation. The specific model, in which the physiological parameters are changed to reflect the time course of measured values, follows the observed HbCO data closely. Figure 8 also demonstrates the specific model's ability to respond to transient (short timescale) changes in physiological parameters. Although we have not written the set of partial differential equations that fully describes the rate relationships between HbCO kinetics and the governing physiological parameters, the numerical procedure used to solve the CFK equation provides a good correlation between observed data and these model calculations when changes in these parameters are introduced into the simulation. This approach to solution of the CFK equation allows the examination of HbCO kinetics on a timescale of minutes as well as hours. We assume that the general model's inability to fit uptake-clearance experiments is due to the fact that in such experiments several physiological parameters are changing simultaneously, because of inhalation of CO and experimental stress, whereas model parameters are fixed. Thus numerical solutions to the CFK equation with time-varying physiological parameters may prove a useful adjunct to time-course experiments. The specific model fit to the experimental data in Figure 8 required inclusion of all observed physiological changes. Thus a numerical solution to such an extended CFK equation can be used to derive half times for specific exposure and physiological situations. Comparison of the general and specific model fit with experimental observations suggests an improved understanding of the impact of the underlying physiology on HbCO kinetics. This understanding translates to improvements in assessment of the health risk associated with CO inhalation, particularly in situations in which other environmental factors combine to affect the overall physiological status and, therefore, the response to CO.
